Over the past decade, Fermilab has focused efforts on the intensity frontier physics and is committed to increase the average beam power delivered to the neutrino and muon programs substantially. Many upgrades to the existing injector accelerators, namely, the current 400 MeV LINAC and the Booster, are in progress under the Proton Improvement Plan (PIP). Proton Improvement Plan-II (PIP-II) proposes to replace the existing 400 MeV LINAC by a new 800 MeV LINAC (that would use superconducting RF technology), as an injector to the Booster which will increase beam power by nearly a factor of two from the PIP design value in about a decade. In any case, the Fermilab Booster is going to play a very significant role for nearly next two decades. In this context, I have developed and investigated a new beam injection scheme called "early injection scheme" (EIS) for the Booster with the goal to significantly increase the beam intensity output from the Booster thereby increasing the beam power to the HEP experiments even before PIP-II era. The scheme, if implemented, will also help improve the slip-stacking efficiency in the MI/RR. Here I present results from recent simulations, beam studies, current status and future plans for the new scheme.
OVERVIEW
Fermilab has been the US premier high energy physics (HEP) laboratory for the past four decades. Around 2000, alongside ppbar luminosity upgrade for the Tevatron at 2 TeV, the Fermilab Long Range Accelerator Program Planning started focusing on increasing the beam power on targets for neutrino beams. As the energy frontier shifted to the LHC at CERN, Geneva, Switzerland, Fermilab started improving its accelerator complex to establish a worldleading facility for particle physics research based on intense proton beams and to address many unsolved problems in the neutrino sector and rare processes and, possibly, physics beyond the standard model of the particle physics. µsec for injection (beam revolution period 2.21 µsec at injection). In 1990, the injection energy was upgraded to 400
MeV. The Booster has, so far, operated with an average beam delivery cycle rate <15 Hz, much less than its design specification. However, by the end of the completion of PIP the Booster will be capable of delivering beam at 15 Hz.
During the PIP-II era the beam delivery rate from the Booster will also be increased from 15 Hz to 20 Hz. Thus, the full potential of the Booster is yet to be realized.
Ever since the Booster came into operation, the beam injection was done very close to min B (minimum of the magnetic field ramp). Recently, we proposed a new injection scheme [4] , which fits well between PIP and PIP-II eras and has high potential to increase the beam power significantly. This paper presents a fully developed scheme called
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Early Beam Injection scheme (EIS), which involves beam injection on the deceleration part of the magnet ramp in the Booster. Here we explain the general principle of the method, the results from beam dynamics simulations and demonstration with beam experiments. Beam dynamics simulations applied to the EIS convincingly shows that the new scheme has many advantages over the one currently in use (referred to as the old scheme). cycle are determined by a longitudinal beam dynamics simulations using ESME [5] . These simulations use the measured beam energy spread (1.50 MeV, full energy spread [6] ). Figure 3 shows predicted the phase space distributions and the corresponding line-charge distributions at various stages of the beam acceleration in the EIS.
PRINCIPLE OF THE EARLY INJECTION SCHEME AND SIMULATIONS
These simulations clearly display many benefits of the EIS over the old scheme -i) less than 5% longitudinal emittance Insert PSN Here dilution at capture with no losses (old scheme showed 50% emittance dilution with a few percent beam loss), ii) no further emittance dilution until transition crossing, iii) an additional rf phase shift of about 6 0 after transition phase jump from  to - would make a better match between the rf bucket and bunch distribution through the rest of the cycle. iv)
A snap bunch rotation gives a final energy spread of (E)RMS  2 MeV for the beam bunches which is 30% less than that from the old scheme; overall emittance dilution in EIS is about 50% with no particle loss through the cycle. Beam with a smaller energy spread at extraction helps to improve slip stacking efficiency in the Main Injector/Recycle Ring [7] . v) Improved emittance preservation in EIS implies reduced the rf power by about 30% over the cycle. vi) Since there is more room for beam injection in the Booster one can easily accommodate more number of Booster turns (i.e., longer LINAC pulses). Thus, one can increase the extracted beam intensity from the Booster by >40% over the current operational value of about 5.5E10p per bunch, i.e., 4.3E12 p per Booster cycle.
BEAM EXPERIMENTS
Beam experiments have been carried out in two steps. B and hence, was not quite adiabatic. Secondly, the additional phase shift of 6 0 after the transition crossing that required for better match between bunch shapes to bucket shape was not available. As a result of this the displayed data does not show much improvement in the transmission efficiency over the old scheme. However, these experiments clearly showed that one can reduce the required rf power by nearly 30% for the EIS relative to the old scheme. kW on the NOvA target.
As the beam intensity increases one must address intensity related issues such as beam loading compensation, coupled bunch instabilities and impedance issues in the Booster which are essential for the success of PIP-II. We might as well start R&D related to the increase in beam intensity as soon as the EIS is implemented in operation.
